Various empirical prefreezing protocols have been used to facilitate cryopreservation of dormant buds from woody plants. The objective of this research was to determine the quantity of water remaining in liquid phase, under different prefreezing conditions using pulsed nuclear magnetic resonance spectroscopy of dormant apple (Malus domestica Mill.) buds from three cultivars. During prefreezing, the quantity of water remaining in the liquid phase was less at -40C< -30°C< -20°C for all cultivars tested. The prefreezing temperature had a greater influence on reducing the quantity of liquid water than the duration of prefreezing. Prefreezing to -40°C for 24 hours was optimal for 'Patterson' and 'McIntosh,' the hardiest cultivars, compared to -30°C for 24 hours with 'Red Delicious.' Cryopreservation of dormant apple buds depends upon the quantity of liquid water during prefreezing, prior to immersion in liquid nitrogen, and upon the cultivar. NMR Spectroscopy. Liquid water content as a function of temperature was determined from -4 to -50°C with a Brukes Mini Spec p 20 spectrometer as described previously (8). Briefly, the method involved using a series of 900 pulses separated by 3 s to prevent saturation. The free induction decay after the second and each succeeding pulse was monitored 20 As after the pulse center. When the desired prefreezing temperature was reached, samples were transferred from the freezer to the NMR sample chamber maintained at the same temperature. After the quantity of liquid water was determined by NMR spectroscopy, the samples were returned to the freezer and maintained at the same temperature. After storage for 24 to 96 h, samples were transferred back to the NMR spectrometer to determine the quantity of liquid water. Five samples were used for each cultivar and each temperature. A sample consisted of the bud and a small portion of cortical tissue. Moisture content was determined gravimetrically.
Vegetative, dormant apple (Malus domestica Mill.) buds can be cryopreserved by cooling frozen tissue from -20 to -50°C (14, 16) prior to immersion in liquid nitrogen. The prefreezing treatment dehydrates the cells, thus preventing large intracellular ice crystals from forming when the tissue is immersed in liquid nitrogen. Tyler and Stushnoff (our unpublished data) found a higher percent survival of apple buds following cryopreservation if the buds were cooled slowly to -30°C and held isothermal for 24 h prior to immersion in liquid nitrogen. For certain cultivars, it was necessary to artificially dehydrate the tissue at 0°C prior to cryopreservation. These results suggest that only a certain amount of intracellular liquid water can be tolerated in cells prior to immersion in liquid nitrogen. Also, in these tissues, freezing is not in equilibrium, even at slow cooling rates (10°C/h), and a period of time is required for water to escape to extracellular sites of ice crystallization.
Chen et al. (6) , using NMR spectroscopy, found a strong positive correlation between percent liquid water at -40°C in Catharanthus roseus cells and percent survival following storage in liquid nitrogen. In the present study, NMR pulse spectroscopy was used to determine the relationship between survival in liquid nitrogen and the quantity of liquid water in apple bud sections at given prefreeze temperatures. The loss of liquid water due to crystallization as a function of time was quantified to determine the effects of dehydration on cryopreservation. MATERIALS NMR Spectroscopy. Liquid water content as a function of temperature was determined from -4 to -50°C with a Brukes Mini Spec p 20 spectrometer as described previously (8) . Briefly, the method involved using a series of 900 pulses separated by 3 s to prevent saturation. The free induction decay after the second and each succeeding pulse was monitored 20 As after the pulse center. When the desired prefreezing temperature was reached, samples were transferred from the freezer to the NMR sample chamber maintained at the same temperature. After the quantity of liquid water was determined by NMR spectroscopy, the samples were returned to the freezer and maintained at the same temperature. After storage for 24 to 96 h, samples were transferred back to the NMR spectrometer to determine the quantity of liquid water. Five samples were used for each cultivar and each temperature. A sample consisted of the bud and a small portion of cortical tissue. Moisture content was determined gravimetrically.
Viability Following Cryopreservation. Bud-section samples consisting of a 2.5 cm stem section containing a vegetative bud developed during the previous season were placed in plastic cryovials and cooled 2°C/h to -20, -30, or -40°C. Upon cooling to selected prefreezing temperatures, the buds were either immersed directly in liquid nitrogen or held 24 or 96 h prior to immersion in liquid nitrogen. Samples were removed after 24 h in liquid nitrogen and placed at 2°C to thaw. Survival of the buds was determined by the oxidative browning method.
Effect Table I) .
The quantity of liquid water in the apple buds decreased significantly as the prefreezing temperature was lowered but not when the duration was increased from 24 to 96 h ( Fig. 1 (Fig. 2-4) .
Plots of the amount of liquid water versus temperature as hyperboles were described by Gusta et al. (8) nitrogen was higher than buds cooled directly to -20°C and then stored in liquid nitrogen.
Patterson buds held at -30°C for 24 h, warmed to -20°C for 30 min, and then cooled to -30°C prior to storage in liquid nitrogen had a higher survival rate than buds cooled to -30°C, but not held for 24 h before storage in liquid nitrogen. The (6) , wheat cultures (7), and strawberry meristems (10) (9) suggested that approximately 70% of the freezable water must be frozen in hardy dogwood stems before they can survive immersion in liquid nitrogen. However, in this study it was found that holding the tissue at either -20, -30, or -40°C for 96 h compared to 24 h prior to immersion in liquid nitrogen sometimes resulted in a decrease in bud section survival while the liquid water remained the same (Tables I and II) . Red Delicious buds prefrozen to -30°C had the same quantity of liquid water but lower viability after 96 h compared to 24 h of prefreezing. Therefore, with Red Delicious there is not a simple relationship between liquid water content and survival of buds after storage in liquid nitrogen.
A substantial amount of water in the apple buds remained unfrozen at temperatures lower than -20°C. In contrast, nearly all the freezable water in red-osier dogwood stems was frozen at -20°C. Only 0.25 to 0.30 g liquid water/g dry weight remained at -20°C (2) or -40°C (9). In contrast, in this study, apple bud sections had a higher liquid water content at -20°C (0.39-0.42 g water/g dry weight), and also, in these samples, water continued to freeze as the samples were cooled to -40°C. The liquid water content at -40°C was 0.17 to 0.22 g water/g dry weight. The amount of liquid water from -20 to -40°C was higher than Patterson, the most cold hardy of the cultivars, had the least amount of liquid water at each prefreezing temperature. Gusta et al. (8) found no relationship between hardiness and the nonfreezable water of hardy or tender winter wheat cultivars at -40C.
Generally, survival in liquid nitrogen was highest when the tissue had 20% or less liquid water at the prefreezing temperature (Table II) This study demonstrated that the amount of liquid water in buds at subzero temperatures is dependent on both temperature and time. It has been assumed that cold-hardy tissues have increased permeability to water efflux. However, even though buds were held at -40°C for 15 h and then cooled slowly (2°C/h), freezing was not in equilibrium with the temperature. Tissue had to be held isothermally for at least 24 h before freezing was in equilibrium with temperature. In cereal crowns which have pliable cell walls, near ideal freezing behavior is observed (8) . However, in citrus leaves, which have rigid cell walls, pressure potential plays an important role in cell water relationships at freezing temperatures (1) .
Dehydration of the bud sections reduced the total amount of water present by 60% and reduced the quantity of liquid water at subzero temperatures. A reduction in water content has led to increases in cold hardiness in several woody plants (3, 5, (12) (13) (14) and in our research to increased survival following immersion in liquid nitrogen. In our work, samples were prefrozen to -300C for 24 h. If the differences in liquid water between dehydrated and control samples, as determined in the present study, were maintained after the tissue was held at -300C for 24 h, formation of innocuous intracellular ice crystals would be more probable in the dehydrated tissue.
Dehydrated samples had approximately 50% less liquid water than controls at the onset of freezing. Why a difference in liquid water persisted during freezing from -10 to -500C is unclear. Dehydration may have resulted in partial collapse of the cell which in turn may have allowed water to escape faster. The dehydration process may have affected the pliability of the cell wall allowing it to collapse during freezing. However, this appears unlikely from the freezing and thawing results presented in Table III . The survival of bud sections cooled to -300C, warmed to 0°C, and then cooled to -30°C was not greater than sections cooled to -30°C and then stored in liquid nitrogen. Not all of the cells may have dehydrated at the same rate. This would result in an underestimation of the water in the tissue.
Dehydrated buds of Red Delicious and McIntosh did not freeze until the temperature was lowered to -10 to -12°C. Attempts to nucleate the samples at warmer temperatures with ice crystals were unsuccessful. The dehydrated Patterson buds did not freeze until the samples were cooled to -200C. Since the bulk of the water had been removed by dehydration, these supercooled sections were not injured when freezing occurred at these lower temperatures. These results suggest that intracellular freezing did not occur when freezing was initiated. The cell solute concentration would have increased from approximately 2 m osmolar for hydrated samples to approximately 5 m osmolar in the dehydrated samples. This increased cell solute concentration could have protected the supercooled cells from freezing intracellularly at -10 to -200C.
Successful cryopreservation of apple buds is dependent, in part, upon the quantity of liquid water at the temperature to which the tissue is cooled prior to immersion in liquid nitrogen.
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